In this work, we present a computer simulation study of the acid coagulation of casein micelles. For different conditions, we predict the acidity (pH value) at which aggregation transition occurs. The interaction potential implemented consists of three contributions, the electrostatic repulsion, the steric repulsion between the polyelectrolyte brush formed by the κ-casein exposed segments, and finally, the van der Waals attraction which is responsible for aggregation when the repulsive terms are attenuated by the positive ions present in the system. In our simulations, we employed the radial distribution function as an indicator of the aggregation transition. The predictions of the model are summarized in diagrams showing the dependence of the isoelectric point on temperature, micelles volume fraction and surface concentration of κ-casein.
I. INTRODUCTION
From a physicochemical perspective, the most important process in the elaboration of dairy products is casein coagulation [1] . Cow milk is composed mainly of water (∼87%), lactose (∼5%), fat (∼4%), ashes (∼1%) and proteins (∼3%). Among these proteins, the most significant owing to their proportion and commercial importance are caseins; they represent 80% of the total of protein content of milk [2] . Because of that, caseins have been studied extensively and are very well characterized [3] . They are composed of four fractions, the so-called α s1 −, α s2 −, β− and κ−. Being the latter the only soluble fraction which represents less than 15%.
Since most of the casein fractions are insoluble, they are assembled into colloidal casein-calcium-transport complexes termed casein micelles [4] (CM). Because many physicochemical properties of milk are determined by the microscopic properties of casein micelles, it is important to understand how the interactions between them determines its macroscopic properties. With the purpose of explaining the synthesis, internal structure and stability of the casein micelle, some models have been developed in the last 50 years. The interested reader may follow the development of these models in some recent reviews [5] [6] [7] [8] and may found an excellent discussion about the characteristics that a consistent model should contain in Ref. [9] .
Even though there are crucial differences between them and some important discrepancies in the interpretation of experimental results [10, 11] , the disagreement is concerning to the internal structure and interactions at the nanoscopic domain. But, from a colloidal point of view, there is general agreement that skim milk can be considered as a suspension of barely spherical micelles with * mchavezrojo@gmail.com sizes ranging from 50 to 500 nm, and sterically stabilized by a polymer brush made up mainly of κ-casein (κ-Cn) hidrophilic segments [4, 12] .
Casein stability is due to the competence between attractive van der Waals forces and repulsive interactions, specifically, electrostatic and steric forces. De Kruif has proposed [12, 13] that the steric repulsion of κ-casein segments is the most important at normal milk conditions and it dominates, preventing aggregation. When repulsive forces are attenuated, coagulation occurs. This attenuation can be achieved by two ways. In dairy products technology, these mechanisms are called enzymatic and acid coagulation [1] , respectively. In the first case, employed in the production of all types of cheese, the destabilization is promoted by the activity of proteolytic enzymes that cleave off the exposed segments of κ-casein, which leads to an attenuation of the steric repulsion, and so, van der Waals attraction causes micelles to aggregate. In the second case, employed mainly in the production of yogurth [14, 15] , destabilization is achieved by a decrease in pH. In this case, the increase in proton concentration, screens negative charge of the κ-casein segments, which makes them more flexible and less repulsive. If this acidification goes beyond certain critic value, corresponding to the κ-casein isoelectric point, van der Waals attraction will induce aggregation. The isoelectric point of caseins is located at pH=4.6, which is the value at which milk coagulates.
From the colloidal perspective, the Adhesive Hard Sphere (AHS) model has been successfully employed [16, 17] in the prediction of the initial [10, 13, 18] stages of the aggregation process, both for rennet-or acid-induced coagulation. Going beyond in the description of the aggregation process would require the developing of more elaborate models, capable of predicting the kinetics of the process, particularly the development of viscoelastic properties as a function of time [10, 19, 20] . It seems difficult to develope a colloidal-scale model with this char-acteristics, that is why the more promisory proposals rely on the nanoscopic domain [9] . Nevertheless, colloidal models as the mentioned AHS can still be useful in predicting physicochemical conditions affecting micellemicelle interactions.
In this work, we employed a colloidal model proposed by De Kruif [13] in order to predict the conditions at which aggregation of the casein micelles occurs by performing Montecarlo simulations. Even though the interaction potential proposed in Ref. [13] cannot tell anything about the internal reestructuring of the micelle clusters, it seems to describe correctly what happens when casein micelles collide with each other [21, 22] . Hence, preliminary results presented in this work are promisory because computer simulations can serve as a usefull tool in the selection of optimal conditions for dairy products ellaboration. This paper is organized as follows: In section 2 the model and computer simulation details are described. In section 3 we present the aggregation diagrams for different micelle volume fraction, temperature, and grafting density, in order to study how the concentration, the kinetic energy, and the surface concentration of κ-casein in micelles surface, would affect the acid coagulation of skim milk. Conclusions and perspectives are presented in section 4.
II. MODEL SYSTEM
The model system consists of a polydisperse suspension of spherical particles with an interaction potential with three contributions: electrostatic, steric and van der Waals.
A. Size distribution
As mentioned above, the diameter of casein micelles ranges from 50 to 500 nm. In order to include the effects of polydispersity in the simulations, we implemented the log-normal distribution reported in Ref. [18] ,
where d 0 = 200 is the mean diameter of CM and β = 0.38 is the standard deviation of the distribution.
B. Interaction potential
Tuinier and Kruif proposed a potential for modelling CM interactions in Ref. [21] . This potential considers the more significant contributions to the interaction energy between CM, these are, the van der Waals attraction, U vdw , the electrostatic repulsion due to the surface charge of the micelles, U el and the steric repulsion between the polyelectrolyte brush formed by the exposed segments of κ-Cn, U st .
The Van der Waals attraction between two spheres of radii a 1 and a 2 is given by [23] 
where r is the distance between the center of the particles, a i is the radius of particle i and A is the Hamaker constant. This attraction is always present and so, when repulsive interactions disappear, it is responsible of aggregation.
The first of the repulsion terms is the electrostatic repulsion which is obtained from the solution of the linearized Poisson-Boltzmann equation for two charged spheres surrounded by its counterions [24, 25] ,
where ǫ 0 is the electric permittivity of vacuum, ǫ is the dielectric constant of the solvent, ϕ i is the electrostatic potential at the surface of particle i and κ is the inverse Debye length. The last contribution is the steric repulsion between the polyelectrolyte brushes formed by de exposed segments of κ-Cn, that for two spherical brushes are given by [26] 
where a ef f is the effective radius defined as a ef f = [
, H is the width of the polyelectrolyte brush [27] [28] [29] [30] [31] 
is the distance between the surface of each sphere in units of H, and σ is the grafting density.
These three terms are plotted in Fig.1 for two micelles with diameter a 1 = a 2 = 100nm, and for pH = 6.7, which corresponds to the acidity of milk. At these conditions, it is shown that the steric repulsion is much greater than electrostatic repulsion and several times greater than the van der Waals attraction, preventing CM aggregation, which explains the stability of milk.
However, this strong repulsion is very sensitive to the value of pH because, as pH is decreased, the higher concentration of H ions tends to screen negative charges in k-Cn segments, which leads to a decrease in the effective length of the polyelectrolyte brush. An illustration of the effect of pH in the total interaction potential and how the aggregation transition can occur as pH value is approaching to the isoelectric point, is presented in figure  2 where the interaction potential is plotted for different values of pH for the same micelles considered in figure 1 . The notorious reduction in the steric repulsion gives rise to a net attraction at pH lower than 4.6, where van der Waals attraction is responsible for irreversible aggregation. This behavior suggests that this potential could describe correctly the aggregation transition in Montecarlo simulations, since the repulsive barrier in the potential energy landscape disappears around the pH value known as the isoelectric point of caseins in milk.
We perform a computer simulation study employing the Montecarlo algorithm of Metro-polis [32] with 500,000 simulation steps with ∆t = 0.02 for a system of 1000 particles and a size distribution according to Eq. 1. The study consisted in localizing the pH at which aggregation starts by varying three parameters, specifically, the casein volume fraction, the temperature and the grafting density. For simplicity, we have not consider the fat globules in the system, but only casein-casein interactions. The set of parameters were chosen in order to explore typical skim milk values. The reported volume fraction of casein micelles in milk is = 0.13. So, we perform simulations for about a half and the double, specifically, φ = 0.06, 0.13 and 0.25, in order to study the effect of the concentration of micelles in transition. The temperatures explored in this study are 270K, 300K and 330K which corresponds to freezing temperature, room temperature, and heating of milk. And finally, the grafting density estimated for CM was σ = 0.006 [22] , hence, we studied the aggregation transition at the half and the double, σ = 0.003 and 0.012.
III. RESULTS
The static structural information of the system, contained in the radial distribution function (RDF), g(r), served as the criterion to determine whether the system was in fluid phase or in an incipient stage of the formation of a gel. Figure 3 shows the main differences between fluid and gel phase. In order to make more noticeable the main differences exhibited by the RDF between fluid and gel phase, in figure 3 we have plotted the RDF of a purely attractive system where irreversible aggregation occurs (dashed), and a non-interactive system, where aggregation will never occur; specifically, a system of hard spheres (continuous); both with the same size-distribution. As it is well known, the first maximum of the RDF indicates the distance between centers at which it is more frequent to find particles, and so, for monodisperse hard sphere systems, this equals the diameter of the particles, i.e., the center to center distance at contact. In this case, since it is not a monodisperse system, the most common center to center distance depends on the size distribution, but opposite to monodisperse systems, the maximum is much wider. The width of this maximum indicates the contribution of all distances at which micelles of different sizes can be found. After that, the curve does not show typical oscillations as it occurs in monodisperse systems, instead, it shows a monotonic decrease. This behavior in the static structure parameters is well known for polydisperse systems [33] . On the opposite side, dashed curve has a very notorious maximum located close to the average diameter, which is a sign of aggregation, because many particles are in contact with others, and after that, there is a minimum which indicates that there is a vacuum of particles in the space surrounding every cluster formed by several particles. In summary, an unambiguous sign of aggregation is the transition from a g(r) with just one maximum at distances larger than the average size, to the appearance of a pronounced maximum at shorter distances.
Employing the RDF as the criterion to locate the gelification transition, we plotted the aggregation diagrams for different conditions in figures 4 and 5. In this diagrams, crosses represent systems in which the micelles are dispersed in a fluid phase, while circles those in which clusters are predominant. Using the RDF as indicator of aggregation, allows us to locate those conditions at which aggregation is incipient, these points are represented as triangles. Figure 4 shows the dependence of the transition on the grafting density of the exposed segments of κ-Cn, σ, at room temperature, T = 300K, and volume fraction similar to that of caseins in milk, φ = 0.13. In the right panel, we show the RDF for three systems (filled symbols) with σ = 0.006 for different pH values, 5.5, 5 and 4.5. Observation of these RDF shows how a reduction in pH leads the system from a situation (pH=5.5) in which just a few of the smallest micelles are aggregated (a short peak around r = 100nm) and the overall static structure is practically the same as that in hard sphere systems, to a situation (pH=4.5) where there are many clusters formed (sharpen peak close to r = 200); compare this RDFs to those in Fig. 3 . By direct observation of these RDF we sketch the transition diagram (left pannel) for different grafting density in order to make explicit the dependence of the stabilizing steric repulsion on the number of exposed segments of κ-Cn. As one would expect, it is needed to acidify more the system in order to make micelles aggregate for higher values of σ, because it requires more positive ions to neutralize the negative charge of κ-Cn in order to make the polyelectrolyte brush more flexible and penetrable. Triangles in the diagram represent those systems in which the number of particles aggregated in clusters has increased, but the overall structure still remains being one of a hard sphere system, that is why we have labeled this kind of systems as closer to the transition line. The dashed line in the diagram is just a guide for the eye of what could be the gelification transition line. In figure 5 , it is shown the dependence of the transition on the temperature (left) and on the volume fraction (right). As it was shown in figure 2, the interaction potential has an energetic barrier as a result of the combination of steric + electrostatic repulsion and van der Waals attraction. Since the interaction potential is barely attractive for long distances and strongly repulsive for short distances, the micelles behave like hard spheres for higher values of pH but, as the positive ions start to neutralize repulsion, the intensity of the potential barrier decreases and it is possible for micelles to aggregate. Another possibility, nevertheless, is that micelles have enough kinetic energy to overcome the barrier. In other words, as temperature increases, it is more probably that two micelles aggregate after a collision, which would make the transition easier to occur. In the left pannel of Fig. 5 , we can see that for higher temperatures, the transition can occur at higher pH. This diagram corresponds to φ = 0.13 and σ = .006.
The effect of micellar concentration on the transition, at constant temperature and σ (T = 300K and σ = .006), is shown in the right pannel of this figure. One could expect that, increasing the collision frequency (bacause mi-celles are closer to each other), the transition would occur at higher pH values, but actually, increasing the number of micelles per volume unit, means a higher concentration of positive ions needed to neutralize repulsions, so, aggregation is more difficult to occur if we increase the micelles concentration. For this reason, an increase in micelles concentration, would lead the transition to occur at lower pH values, as it is shown in the aggregation diagram.
IV. CONCLUSIONS
In this work, it has been implemented the interaction potential proposed by Tuinier and Kruif [21, 22] for casein micelles in a Montecarlo computer simulation in order to study the dependence of the aggregation transition in the case of acid coagulation on the parameters of the system. We proposed the radial distribution function as an indicative of the transition. Even though in polydisperse systems it is difficult to extract with some detail features of the internal structure of a fluid, it has been shown that a comparison with the RDF of a hard sphere and a sticky hard sphere systems, respectively, can serve as a guide to elucidate information concerning the aggregation state of the suspension.
The aggregation diagrams obtained suggest that the interaction potential employed describes qualitatively correct the aggregation transition of a suspension of micelles, for different conditions, in particular, from these simulations, it can be determined the dependence of the isoelectric point as a function of temperature, casein micelles concentration and the surface density of κ-casein segments. The aggregation transition predicted in simulations occurs at higher pH values as temperature increases because casein micelles have more kinetic energy which allow them to overcome the energetic barrier of the potential. On the other hand, the acid coagulation transition seems to be very sensitive to the grafting density of κ-casein, as can be expected since the main contribution to the repulsive part of the potential, and hence, to the stability of a casein suspension, is due to the steric repulsion of the κ-casein polyelectrolyte brush in the micelle surface. Finally, the dependence of the isoelectric point with the concentration of casein micelles predicted, although apparently counterintuitive, is full of sense: the more the volume fraction of micelles, the lower the pH value at which casein aggregate, because it is needed more quantity of positive ions in order to screen the repulsive interaction of the polyelectrolyte brushes.
Even though this model succeeds in describing the effect of pH on micellar interactions, and so, in predicting the initial stages of the aggregation transition due to a decrease in free energy, it cannot describe the rheological properties of dairy products, nor the time evolution of these properties either. For this, it is required the implementation of more elaborate models at the nanoscopic domain [9] . Although this model is quite simple and contains several assumptions, and some of the parameters have been estimated which is difficult to avoid in such a complex system like the casein micelle, the description provided by this potential and the simulation methodology proposed here, can be helpful for a better understanding of the physicochemical phenomena ocurring in dairy products.
